Since Fonlan's IV71 description (1) of channeling ali systemic venous return into the pulmonary arteries in a patient with sl?gle ventricle physiology. numerous techniques of redesigning atria into systemic and pulmonary "enous pathways have been suggested. One problem bar been the occumwe of pulmonary venous pathway obstruction if the b&k is not created correctly (i-4) or if the area of the orizinal atria1 se~tal defect is not enlawd sufficientlv in c&es of Left at&veniricttlar (AV) valve &esia. In pt&tts with the pulmonary and systemic circulations each supported by a ventricle, as in total anomalous pulmonary "enous connection with obstnction. congenital mitral stenosis or transposition of the great arteries (status post Mustard or Senning procedure). obslruclion of the pulmonary venous pathway typically results in findings on the chest roentgenogram (S-8) as well as the Doppler ewminb tmn (V-13) (for example, elevated right ventricular systolic pressureL The possidility that pub&nary venous ithway obstruction might have diaerent manifestations in patients with a smgk &ttticle who have undergone tbe.Fantan procedure was suggested by a giloi study (4) szarchittg for anatomic causes of persistent pericardial and pleural effusion. protein-losing entempathy and low output state.
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We reviewed OUT experience with various forms of the Fontan operation to determine the prevalence. clinical symptoms and potential noninvarive detection of pulmonary "enous pathway obstruction.
Ml?tlWdS
Study paLnls. We reviewed the records of all 291 palieas who underwent M? Fontan procedures between January 1984 and December 1990. All patients underwent cardiac catheterization. chest X-ray study and echocardiographic examination before bo!h the original or repeat Fontan operation. Cardiac malformations included tricuspid atresia. psbanary atresia. hypoplastic left heart syndrome. other "angle ventricle" lesionsand complex anomalies such as double-autlei right ventricle with complete common AV canal.
Types of Fantan pmcedures. Four types of Fontan pro cedures were performed during the study period (Fig. I) . In ::'
.' one (Fig. IA) , a systemic venous "tube" is created along the lateral atrial wall (by insertion of a hemicylindric piece of polytetrafluoroetbylene!.
bailing the inferior vena cava and hepatic venous blood to an anastomosis between the superior vena cwa right atrial junction and the right pulmonary artery. In another type (Fig. 181 , a right atrium to right pulmonary artery anastomosis is created and a large patch ba5les pumonary venous blood through the wea of the originel atria1 septal defect toward the AV valve associated with the systemic pumping chamber. In a third (Fig. 10 , a right atrium to right pulmonary artery anastomws is constructed and the atrial septal defect closed: this type WBP used in some cases of tricuspid or pulmonary atresia. Finally, in a fourth procedure IFig. ID). used early in our experience for tricuspid atresia with mild or moderate right ventricular hypoplasia. a right atrial to right ventricle anastomosis is created. with closure of the ventricular septal defect.
Entrance criteria into study. The reference srandards for the dmgnosis of pulmonary venous pathway obstruction were I) cardiac catheteriration with intraoperative confirmation, or 2) autopsy (Table Il. An A wave pradient across the pulmonary venous pathway 24 mm Hg was considered evidence of pulmonary venous pathway obstruction. If no A wave measurement was obtained (as in xome cases of pulmonary vein ostial stenosis), B mean gradient anywhere across the pulmonary venous pathway 24 mm Hg was used as an entrance criterion (Table 2) . Gradients were measured from either the pulmonary ct~pillary wedge position to the left atrium or ventricle (using the end-diastolic pressure) ot from the left atrium to the ventricle (Fig. 2) Imaging. Chest X-ray films taken within 2 days before the diagnosis of pulmonary venous pathway obstruction were examined for evidence of pulmonary venous congestion.
Echocnrdtograms peiformed in the 2 weeks before the diagnosis of pulmonary venous pathway obstruction or cardiac catheterization were reviewed and analyzed. All echocardiographic studies were petfomted on phased-array Hewlett-Packard ultrasound machines (Sono~ loo0 and 500) using 5.. 3.5 or 2.5.MHz transducers. We measured rhe pulmonary venous pathway at its narrowest pomt in three different views: subcostal frontal. subcostal sagittal and apical "four-chamber" (Fig. 31 . Dimension ~easuremrnts -~ were then normalized by indexing to 'V'body serface area (14) .
Pulsed Doppler inrrrrogorion was used in studies after January 1985. We measured the velocity at multiple sites along the pathway and evaluated Ihe temporal pattern of Doppler spectral recordings to determine whether;he v&c-ity was phasic or flow was continuouslv antemsmde (Fig. 4) . Doppler color ultnsaund imaging u&g 2.5: or 3.5-i& transducers was routinely prtormed in studies performed after January 1987 and guided the pulsed Doppler intenogalion (Fig. 5 ). Control group. Eleven consecutive patients who had undergone the modified Fontan procedure (mean age 46 + 38 months) and were documented not to have pulmonary venous pathway obstruction by cardiac cathete&tion between January 1989 and December 1990 were chosen from the computerized d&a base for study as cantml subjects (Table 4 ). All follow-up stndieschest X-ray films. echocard&rams and cardiac catheterization at The Children's Horpitid of Philadelphia-were performed within 2 weeks of each other in all patients. and no patient had anatomic abnomrdities of the reparative operation. We compared tml subjects (itiexing to our patxentc documented to have pulmonary venous pathway obstruction by catheterization. In the control group, mean cardiac index was 2.5 2 0.9 literslmin per m' (range I .I to 4.7). Neither age nor cardiac index in the control subjects differed simtiticantly from those in uafients who had undergone 1heFbnt.m bracedue and clad pulmonary venous pathway obstruction.
Statistics. To c~~~pare mean v&es between patients who had undergone the Fontan procedure with pulmonary venous pathway obstruction and the control subjects, the unpaired twcailed Student r test was used. To compare the incidence of pleural effusion between the two groups, the Fisher exact test was used. Unless otherwise indicated, data are expressed ae mean value ? SD.
Rl?SUllS
Prevalence. Twelve cases of pulmonary venous pathway obstruction were found in II! (3.4%) of the 297 children who underwent the Fontan procedure in our institution (mean zge 43 2 28 months). The time interal belween the Fontan procedure and the diagnosis of obntmction was 246 i 90 days (rxge 13 to I,OW. The patients' native lesion. type of Fontan procedure, pulmonary venous pathway obstruction mechanism and entrance criteria are summarized in Table I . 
Imaging
Chest roenlgenograms. No chest X-ray film revealed a unilateral or bilateral increase in pulmonaty venous markings in the lung fields over those observed in previous films. None displayed a fine, diffuse, linear reticular pattern, Kerley B lines or perihilar congestion obscuring heart borders, all of which would he common findings in patients with two ventricles and pulmonary venous obstruction. In 9 (90%) of the IO pSients with pulmonary venous pathway obn!ruction. the chest X-ray film showed pleural effusion; in cont~pst, only 2 of the II control patients had pleural effusion (p = 0.002). A typical chest X-ray film from a patient with pulmonary venous pathway obstruction (Paient i0) is shown in Figure 7 . Two-dimensional echoeardiographie measurements (Table  2 ). In the pa:ients with pulmonary venous pathway obstruction, pathway diameter measured 6.8 f I.2 mmJ'&?in the subcostal frontal view, 7.9 2 0.6 mmif&? in the subcostal sagittal view (Fig. 3) view (Table 4) . These mean values differed sigmficantly from those in the patient group (p = 0.001) (T;lblen 2 and 4. Fig. 81 . Doppler whoeardiography (Table 2 , Fig. 4) . In tw; patients whose obstruction was caused by pulmonary win o&l stenosis. Doppler interrogation of the pulmonary veins was not performed. With pulsed Doppler ultrasound, there was a relatively narrow range of velocities distal to the obstruction of I.3 to 2.5 mis. In patients with pulmonary vein obstruction. distal velwitles ranged from 1.3 to I.6 mls, whereas in patients with left atrial outlet or atria3 b&lk obstruction. distal velocities ranged from 1.7 to 2.5 mls.
Cf the seven patients with pulsed Doppler measurements, tivc had continuous flow and the Doppler spectral recordings were not phasic. The remaining two had 30 hemodynamic data that distinguished them from the others. The 1 I control patients did not have complete Doppler interrogation of the pulmonary venous pathway.
Symptoms. Table 5 lists the symptoms that led to medical evaluirtion of the patient. The most cmnmon sympiom was persistent effusion. &her pleural. pericardial or peritoneal.
Chest roentgenagr~ms. In patients with pulmonary venous pathway obstruction and a pulmonary pumping chamber. the lung fields on the chest X-ray film (7.8) r&c: prominent vetmw engorgemea: offbe pulmonary veins and &ox a fine. diffuse, linear reticular pattern that fans out from the pulmonary hilus. Kcrley B lines may also be present with perihilar congestion. which results in obscured cardiac borders. k'ppainllation of the lungs may also be seen 115).
The manifestations of pulmonary venous pathway obstruction may not be Eimilar in the patient who has undergone a Fostan procedure in which Row thmugb the lunge is achieved by "passive" means (that is, low pulmonary YBEcular resistance. negative intrathoracic pressure during inspkation and a compliant syrtemic ventlicle). In such a Atarion. the hydrostatic pressure for forward How may not induce changes on the chest X-my film seen in pulmonary venous obstruction in patients with two ventricles. Decreased oncolic pressure resulting from altered permeabiliv] of the capillary wall, as evidenced by the tendency of patients who have undergone the Fontan procedure to develop protein-losing enteropatby. may also play a role (16.17).
None ofthe patients we reviewed who had undergone the Fontan procedure had any evidence of pulmonary wwus congesiion by plan X-my film. although %t% had pfeural ever. our waveform shapes were sit&r to the high velacily turbulent Row described with pulmonary vein os!ia! CT pu!nonsry venous pathway stenosis in patients with a pulmonary pumping chamber (10-13~. Onset of pulmonvy V~IKIU~ pathway obstruction. The interval from the time of the Funtan operation to diagnosis of pulmonary venous pathway obstruction ranged from 13 to 1,084 days. Pulmonary venous pathway obsrruction can develop over the course of years and does no: Eecerwrily manifest within the first few months after operation.
Limitations of thestudy. In a retmspective analysis, there is potential bias in analysis of echocardiographic and radiographic data. We did not control the ventilatory patterns duri* rippler echocardiography. Because positive pressure 1 h* a major effect on pulmonary artery Raw. ii is passitx that it might &cl pulmonary venous pathway Row pattems.
No data are available on parients with pulmonary venous pathway obstruction who may be asymptomatic or who may habe 2i;d -$thu~~t medical evaluation or autopsy. There are also no quantitative criteria to use for pulmonary vein ostial stenosis at autowy. For all these rewons, our estimate of the prevalence of pulmonary wow> pathway obstruction may be artificially low.
Proximal velocities were not obtainable in the case of pulmonary vein ostia stenosis. Recognition of this vwiety of pulmonary venous pathway obstruction might he better approached by transesophageal echocardiography.
Problems in compaing absolute Doppler measurements include the fact that the incident Doppler beam may be impelfectly aligned with the direstion of blood flow (>20") and that patients with a low output state may have a much Iowcr Row velocity in the pulmanoy venous pathway. A two-dimenGmal echocardiographic pathway dimenamn mcasu~cmcnt may therefore serve a3 a relatively outputindependent parameter Lo cross-cheek DopPler data.
Cancturions. Pulmonary venous pathway obctrwtion was present m a35 of our patients who had undergone the Fontan procedure dung the years from I'334 to 1990. Chest roentgenography WCS a poor acree.& ::s! fc: sxb ohstrucdon in these patients. Two-dimensional echocardiographic mearurements of pathway dimension (indexed !(I the 'Vbody surface area) arvear LO differeatiate eauents with from rhosc without pub&&y venous Path& obstruction after the Fontan procedure. Pulsed Doppler echocard& raphy reveals that-the maxnnat veloc~!y h&l to narrow& sites can be as iow as I.3 -'--' I.YL Olly ihe ,pectrai rracmg may be nonphasic. Both the area proximal to and that distal to the nanowmp should be scr&nized if the Bernoulli theorem is uribzed. Pros~ectwe application of these ultrasound technique> should detiniti& settic whether the putmonaly venous pathway in the patient who had underEona the Fontan procedure can be reliably identified noninvasively. Finally. autopsy can show a small pulmonary venous pathway orifice. even wber. the mean gndient at cardiac catheterizatlon s <4 mm Hg.
